Abstract
Introduction
As international projects determine the genome sequences of the handful of official model species, attention is turning to plans for sequencing many additional complex organisms. In the shotgun assembly phase, common to all sequencing approaches, several copies of a particular stretch of the genome are randomly partitioned into small fragments. Approximately 500 basepairs of each fragment are determined using variations of the Sanger method [1] . Overlapping sets of these reads, can be assembled into contigs, i.e., presumably contiguous sections of the genomic sequence. Ideally, the contigs form nonoverlapping fragments that account for most of the target genome sequence. But the order and orientation of the contigs along the chromosome is unknown, or at least imperfectly known. In particular, for an arbitrary contig, , it may be unknown whether or its reverse complement, denoted ¢ ¡ , is present, where £ ¡ is formed by reversing , interchanging A and T everywhere and interchanging C and G everywhere.
Two approaches have been proposed for overcoming this problem. The clone by clone approach [2] adopted by the Human Genome Project(HGP) starts by finding a minimal tiling set of clones that covers the target genome. These clones are sequenced one at a time using the shotgun approach. Finally contigs of different clones are ordered, oriented with respect to each other using the clone map. On the other hand, the whole genome shotgun assembly approach [3] skips the physical mapping step and sequences unmapped genomic clones. For further assembly it uses a library of pairs of reads, called mates, from the ends of long inserts randomly sampled from the genome. The presence of these mates in different contigs serves to order the contigs and give the approximate distance between them.
However, determining the complete sequence of a genome is quite expensive with either approach. Because researchers have been extracting biological information by studying conserved regions ( [4] , [5] ) genetic data banks have rich contig information for many species. By comparing the conserved regions present in contigs of two organisms that are close in evolutionary terms, it might still be possible to infer some order/orient relationships. This process was manually performed in [6] .
The figure below illustrates the sort of inference that is possible. Contig (say, of human) includes region 
¦
-contigs may in turn orient and order § relative to additional -contigs, and so on. This leads to an "island" of contigs that are oriented and ordered relative to one another. With ideal data, this process would partition the set of contigs into islands, such that inter-island order/orient relationships cannot be determined from the alignments.
In reality, the set of given alignments is frequently inconsistent with any proposed orientation and ordering of the contigs. Simple examples are shown in Note that once orientations and an order of the contigs are chosen, it is easy to decide how sites should be deleted to maximize the score -this is simply the classic problem of aligning two lists of symbols.
One of our results indicates that no polynomial-time algorithm can be guaranteed to orient and order the contigs so as to always maximize the resulting score. Indeed, even if we make a number of simplifying assumptions, such as (1) each conserved region is involved in precisely one alignment (e.g., for each
there is only one ¦ -contig and (3) each -contig has only two conserved regions, the problem of computing an optimal set of orient/order operations is MAX-SNP hard (Theorem 1).
We develop a 0 " E 7 ) F 5 approximation algorithm (Theorem 5) for the order/orient problem. The formal developments presented in this paper, including results showing how algorithms for certain simpler problems can be combined to solve a more general problem, provide a conceptual framework for designing effective algorithms for computing high-scoring orient/order operations. This paper is an extended abstract. The full version is available online at http://bio.cse.psu.edu.
Problem statement with variations

Consensus Sequence Reconstruction -CSR
Assume that we have two sets of DNA fragments, one for each species. Let us call these sets We introduce an extra padding symbol ⊥ such that ⊥ ¡ ⊥ and we extend the score function ) by setting
we define the set of padded sequences § as the set of sequences obtained from¨by inserting the padding symbol ⊥ an arbitrary number of times. 
Consistent match sets
Our algorithm will build conjecture pairs from smaller parts called matches, which pair together intervals selected from fragments of The score of a match and the padded sequences that support that score, represent the optimum alignment of the participating sites. We are interested in finding a consistent set of matches 
According to the last remark, we can formulate an equivalent version of the CSR problem: find a consistent set of matches with maximum total score.
Simpler versions of the problem
Consistent Subsets of Integer Pairs -CSoP
We will now show that a very restricted version of CSR is MAX-SNP hard. In particular, we impose the following restrictions: we can order the nodes in such a manner using Dirac's theorem [8] ).
In our approximation preserving reduction, the instance translation is as follows: 
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, so that the selected intervals are disjoint and the sum of profits is maximal. ISP was studied in the context of scheduling by Bar-Noy et al. [9] , who described an algorithm with ratio 2. Later in [10] Berman and DasGupta described a Two Phase Algorithm that obtains ratio . Clearly an approximation algorithm for ISP yields an algorithm for 1-CSR with exactly the same approximation ratio.
Corollary 1 There exists a polynomial time algorithm for the CSR problem with approximation factor 4.
Approximation algorithms for CSR
Iterative improvements
We will maintain the solution to a CSR problem instance as a consistent set of matches. To form tools for solving the general problem, we will first describe how to search for one type of matches only i.e. only border matches or only full matches. The algorithms we use there are selected in such a way that later we will be able to combine them into an algorithm that searches for both types of matches. We tackle different versions of the problem in the following manner: 
V
To ensure that our algorithm runs in polynomial time, we use the scaling method described in [11] . This approach increases the approximation ratio by a factor 0 % E § 7 
In an island that consists of one fragment only, the fragment is simple.
In an island that consists of two fragments only, one of the fragments is simple and the other multiple.
In other islands, fragments that participate in a single match are simple and fragments that participate in more than one match are multiple. 
Definition 5 In the following definitions
Full CSR
In Full CSR problem we are limiting the legal solutions to a given CSR instance to those that contain full matches only.
Consider the solution graph of a solution to a Full CSR problem instance. Because each match in this solution contains a full site, for each edge in our graph one of the ends has one neighbor only. Consequently, in each island, at most one node is a multiple fragment.
Our improvement methods create new full matches using Two Phase Algorithm, TPA( 
Border CSR
In Border CSR problem we consider problem instances where the optimum solution contains border matches only.
There is a simple maximum weight matching based algorithm with approximation ratio 2 for the Border CSR problem. However, we prefer an alternate algorithm, Border Improve, with approximation ration 3 since it can later be combined with the algorithm of the previous section to solve the general problem.
The algorithm for the Full CSR problem creates full matches only. Therefore, each island of the solution contains at most one multiple fragment. We call such islands 1-islands. The algorithm for the Border CSR problem allows each multiple fragment to participate in at most one Since all sites chosen by the Border Improve algorithm are border sites, we will occasionally refer to them simply as sites in this section. The algorithm repeatedly prepares chosen sites on pairs of fragments and forms border matches. A site is prepared as described in the previous section. In addition, if the site belongs to the multiple fragment of a 2-island, we first break the 2-island by removing the match between the two multiple fragments. This ensures that our solution consists of 1-islands and 2-islands only. We have two improvement methods. We call the sites that are specified in an attempt the explicit parameters and the sites that are implied the implicit parameters. We construct 
General CSR
We now consider the general CSR problem. A site is prepared in exactly the same manner as in Section 4.3. Thus, the solution generated by the algorithm consists of 1-islands and 2-islands only.
The iterative improvement algorithm, CSR Improve, consists of method § 
). Fig. 9 shows a sample improvement attempt. Also, if an or £ attempt breaks a 2-island during preparation, the attempt can be combined with an § attempt that targets the newly exposed border site (or part of it). 
